Eighteen strains of Bordetella bronchiseptica, selected on the basis of previously determined phenotypic characteristics, were examined for their ability to induce ciliostasis in canine tracheal outgrowth cultures. Fifteen strains grown on brucella agar caused ciliostasis. Strains that did not cause ciliostasis were stable, nonpiliated, and nonhemolytic, they did not produce extracellular adenylate cyclase, and were morphologically indistinguishable from rough-phase variants on brucella agar. Plasmids were detected in only five of the strains which induced ciliostasis, transfer of plasmids from four of these strains to one which did not induce ciliostasis did not alter its virulence or colony morphology. All strains which were hemolytic on Bordet-Gengou agar produced extracellular adenylate cyclase. Two nonhemolytic strains, one which produced only rough colonies on brucella agar, also induced ciliostasis. Two types of colony (phase) variation were observed: one recognizable on both brucella agar and Bordet-Gengou agar at frequencies of sl10-2, associated with multiple loss of virulence determinants, and the other recognizable only on Bordet-Gengou agar at frequencies of .10-2, associated with flagellum expression. The possession of readily detectable somatic pili was the only phenotypic characteristic consistently associated with the ability to induce ciliostasis. Formalin-killed and chloramphenicol-inhibited B. bronchiseptica strain 11OH organisms had detectable pili and attached to cilia, but did not cause ciliostasis. Protease-treated B. bronchiseptica strain llOH organisms did not have detectable pili and in the presence of chloramphenicol did not attach to cilia. Attachment to cilia, although not in itself sufficient to cause ciliostasis, is intimately associated with and may be required for the induction of ciliostasis by B. bronchiseptica strains.
Bordetella bronchiseptica is a well-adapted respiratory tract parasite of many wild and domestic animal species. The prevalence of infection is especially high in pigs, dogs, and guinea pigs. Although many B. bronchiseptica strains possess toxins (e.g., dermonecrotic toxin and endotoxin) with the potential to destroy tissue, diseases produced by B. bronchiseptica alone are usually quite mild and self-limiting; massive tissue destruction is not a usual characteristic of infection with B. bronchiseptica alone. It is generally assumed, however, that the role of B. bronchiseptica in naturally occurring respiratory diseases is secondary to other inciting agents such as respiratory viruses (28) or environmental toxicants (6) . It is presumed that B. bronchiseptica enhances the severity of mixed infections by elaborating the aforementioned toxins (11, 12) .
The reverse situation is often overlooked, i.e., that B.
bronchiseptica infection may predispose its host to infection with other agents which are largely responsible for the severity of clinical disease. This possibility is consistent with observed temporal relationships between B. bronchiseptica infections and infections with other microorganisms involved in respiratory diseases of swine (17 and the ability to cause the immobilization of respiratory tract cilia (3) . Virulent strains of B. bronchiseptica have a predilection for attachment to cilia (3, 29, 33) . The ability to interfere with ciliary function may be an important aspect of the parasitic mode of existence or pathogenicity of B. bronchiseptica. It was previously reported that a phase-I and an intermediatephase B. bronchiseptica strain each caused a rapid decrease in ciliary beat frequencies of canine tracheal outgrowth cells, without causing noticeable structural damage to these cells (3) . A rough B. bronchiseptica strain had no effect on ciliary function.
An initial approach to the identification of factors involved in the induction of ciliostasis is to compare the phenotypic properties of strains which induce ciliostasis to those which do not. Stable phenotypic differences occur among B. bronchiseptica strains in such properties as colony morphology, hemolysis, and resistance to antimicrobial agents (1) . Individual strains of B. bronchiseptica may also undergo phase variation or modulation (1, 9, 15, 18, 19, 22) . Phase variation is a general term used to describe phenotypic changes which occur at frequencies higher than can be accounted for by spontaneous (point) mutation. Phase variation may occur in several stages, and the resulting phenotypic changes may be either unstable and readily reversible or highly stable. Modulation is a freely reversible, environmentally induced change in the phenotype of an entire bacterial population. Modulation and phase variation have been associated with the multiple loss of virulence factors in Bordetella pertussis (7, 21, 24, 31) and B. bronchiseptica (7, 22, 23, 33 The present study examined the ability of different B. bronchiseptica strains to induce ciliostasis in canine tracheal outgrowth cultures and determined what influence intrastrain phenotypic (colony) variation had on virulence in this in vitro assay. Since our overall objective was to detect phenotypic characteristics which might be involved in or correlated to ciliostasis, we also examined selected other bacteriological traits, including the possession of plasmids, ECAC activity, ultrastructural morphology, and hemolysis.
MATERIALS AND METHODS Bacterial strains. Eighteen strains of B. bronchiseptica were studied. The sources of most of these strains have previously been acknowledged (1) . One additional strain, B133, was received from C. Andrews, National Animal Disease Center, Ames, Iowa. Low-passage cultures of each strain were suspended in a stabilizing medium consisting of sucrose, phosphate buffers, glutamate, and albumin (1) and stored at -80°C until used.
Media. Bacteria were maintained on brucella agar (BA; GIBCO Laboratories, Grand Island, N.Y.). Bordet-Gengou agar (BG; GIBCO) was prepared according to the manufacturer's instructions with 15% horse blood. Blood agar consisted of BA plus 5% horse blood. All cultures were incubated at 37fC for 48 h.
Colonial morphology. Agar colonies were examined macroscopically with direct, oblique, and transmitted lighting provided by a fluorescent desk lamp. Form, surface, edge, elevation of growth, and optical characteristics of these colonies were described with terms set forth in the descriptive chart presented at the annual meeting of the Society of American Bacteriologists, Dec. 28, 1934 , by the Committee on Bacteriological Technic. Hemolysis was determined on BG and blood agars. Average colony size and zone of hemolysis were estimated by measuring 10 well-isolated colonies. Frequency of colony variation was measured by diluting a single 48-h colony in phosphate-buffered saline (PBS), plating serial dilutions of this suspension on agar, incubating for an additional 48 h, and calculating the proportion of variant colony types to the parent colony types.
Electron microscopy. Individual colonies from 48-h agar cultures were suspended in PBS and subjected to negative contrast staining with potassium phosphotungstate as previously described (1) . Grids were examined with a Hitachi model H600 electron microscope (Hitachi Ltd, Tokyo, Japan). After examining the entire grid, a representative area was selected, and a minimum of 20 bacterial cells were examined for the presence of pili and flagella. The degree of piliatioi and flagellation of the bacteria within a single colony was defined as the percentage of organisms with 10 or more pili and one flagellum or more, respectively.
Antimicrobial susceptibility tests. Susceptibility to sulfonamides was determined by a standardized disk diffusion method as previously described (1) . The compounds tested were triple sulfa (sulfamerazine, sulfadiazine, and sulfamethazine) and sulfamethoxazole-thiomethoprim. Susceptibility to selected concentrations of sulfathiazole, ampicillin, and furaltadone was determined by the agar dilution method (30) .
Plastnid detection, transfer, and curing. Plasmid DNA was extracted from well-isolated bacterial colonies by the alkaline whole cell lysis method of Kado and Liu (13) . Lysates were subjected to electrophoresis in 0.6% agarose gels, stained with ethidium bromide (0.5 ,ig/ml), and observed with transilluminated UV light.
Based on the work of Terakado and others (25) (26) (27) and on previously observed antimicrobial resistance patterns of our B. bronchiseptica strains (1), it was anticipated that our sulfonamide-resistant B. bronchiseptica strains might possess R plasmids. To test this, conjugation experiments were performed with plasmid-containing, sulfonamide-resistant B. bronchiseptica strains as donors. The recipient organism used was a K-12 strain of Escherichia coli with chromosomally mediated ampicillin (75 ,ug/ml) resistance (PACRM; received from C. L. Gyles, Ontario Veterinary College, Guelph, Ontario, Canada). This strain was susceptible to sulfonamides (200 pug/ml) and furaltadone (20 pugIml) and produced lactose-positive (red) colonies on MacConkey agar. All of the B. bronchiseptica donor strains were resistant to sulfathiazole (200 ,ug/ml) and furaltadone (20 ,ug/ml), were susceptible to ampicillin (75 jig/ml), and produced lactose-negative (colorless) colonies on MacConkey agar. To test for self-transmissible plasmids, overnight cultures of donor and recipient strains were diluted in fresh broth until they contained approximately 109 CFU/ml. Equal volumes of these cultures were mixed, incubated overnight at 37°C, and plated on selective medium (MacConkey agar containing ampicillin [75 jig/ml] and sulfathiazole [,ug/ml]). Frequency of R plasmid transfer was expressed as the number of resistant transconjugants per number of recipients. Tests for nonconjugative plasmids were performed by the same procedures, except with triparental mating with a strain of E. coli (PRK2013) that possessed a helper plasmid with the transfer function (Tra+) of the broad-host-range plasmid, RK-2, but which could only replicate in certain strains of E. coli (ColEl replicon). This strain of E. coli was susceptible to ampicillin, sulfathiazole, and furaltadone and produced lactose-positive colonies on MacConkey agar. To detect the transfer of sulfonamide R plasmids from one strain of B. bronchiseptica to B. bronchiseptica 11ONH (a sulfonamidesusceptible strain which does not induce ciliostasis), it was necessary to first transfer the plasmids to E. coli and subsequently use those E. coli transconjugants as donors. Since all of our B. bronchiseptica strains were resistant to furaltadone (20 jig/ml), B. bronchiseptica transconjugants were selected on MacConkey agar containing sulfathiazole (200 ,ug/ml) and furaltadone (20 ,ug/ml) .
Plasmid curing was attempted by sequential passage in brucella broth at 40 to 43°C and by treatment of cultures with ethidium bromide (4) . After the cultures were plated on BA, individual colonies of bacteria which survived these treatments were tested for sulfonamide susceptibility by replica plating to BA containing sulfathiazole (200 ,ug/ml).
Measurement of ciliostasis. Canine tracheal outgrowths were prepared as previously described (3). Individual bacterial colonies were suspended in Waymouth medium MB752/1 (GIBCO) to a concentration of 109 CFU/ml. This dose of B. bronchiseptica 110H (positive control) consistently caused complete ciliostasis in 3 h, whereas the same dose of strain 11ONH (negative control) had no noticeable effect on ciliary activity over this time period. The tissue culture fluid in the outgrowth culture was replaced with 1 ml of the bacterial suspension. Infected outgrowths were incubated at 37°C in an atmosphere of 5% CO2 and 95% air. Outgrowth cultures were observed before and after 3 h of infection with an inverted, phase-contrast microscope (Biostar; American Optical Corp., Buffalo, N.Y.). The total Percentage of organisms with 1 flagellum or more; n = 20. f Number detected (estimated size, kilobase pairs). 9 Expressed as picomoles of cAMP generated per minute per 5 x 108 CFU. h (+) >90% or (-) <10% inhibition of ciliary activity in canine tracheal outgrowth cultures after 3 h.
number of ciliated cells, the number of cells with motile cilia, and the relative beat frequencies of motile cilia were subjectively evaluated by two persons. Ciliotoxicity was recorded as plus (>90% ciliostasis after 3 h) or minus (<10% reduction in ciliary beat frequency after 3 h). Each test was done in duplicate and set up in a double-blind fashion.
B. bronchiseptica 11OH was treated with Formalin (Fisher Scientific Co., Pittsburgh, Pa.; 0.5% in PBS overnight at 37°C), chloramphenicol (Sigma Chemical Co., St. Louis, Mo.; 10 jig/ml for 6 h at 37°C), or proteinase K (Sigma; 20 jijg/ml for 30 min at 37°C). Treated and untreated bacteria were washed, suspended in Waymouth medium with or without chloramphenicol (10 jig/ml) to contain approximately 109 CFU/ml, incubated for 30 min at 37°C, and applied to tracheal outgrowth cultures. Infected tracheal outgrowth cultures were incubated for 15 min at 37°C, washed four times with Waymouth medium, and replenished with either Waymouth medium alone or Waymouth medium plus chloramphenicol (10 ,ug/ml). Ciliary activity was assessed after 3 h at 37°C. Duplicate cultures were used to evaluate attachment.
Attachment of B. bronchiseptica 11OH was measured by a fluorescent assay with hyperimmune rabbit antiserum to strain 11OH followed by fluorescein isothiocyanate-protein A (Pharmacia Fine Chemicals, Piscataway, N.J.). Cover slips were added to outgrowth monolayers with explants removed, and the outgrowths were viewed at 100 to 400x magnification by episcopic phase-contrast and UV microscopy (Nikon Fluopholt microscope; Nikon Ltd., Tokyo, Japan).
Measurement of ECAC. ECAC activity was measured by a modification of the method of Peppler (21) . Individual bacterial colonies were suspended in PBS and adjusted spectrophotometrically to contain approximately 5 x 108 CFU/ml. Samples (1 ml) of bacterial suspension were added to microcentrifuge tubes containing 100 ,ul each of ATP (10 mM), MgCl2 (10 mM), and freshly lysed horse erythrocytes (1:1 osmotic lysis of packed washed cells in water). The later was used as a source of calmodulin, a known activator of bordetella ECAC (32) . Negative controls consisted of PBS substituted in place of the bacterial suspension or in place of the ATP. Positive controls were prepared by adding cAMP standards in place of the bacterial suspension. These mixtures were incubated for 1 h at 37°C. After incubation, the suspensions were centrifuged for 10 min at 4°C. Duplicate 50-,ul samples of the supernatant were assayed for cyclic AMP (cAMP) by the competitive binding method with a commercially available radiometric assay kit (Amersham Corp., Arlington Heights, Ill.). Counts were measured in 5 ml of Aquassure (New England Nuclear Corp., Boston, Mass.) in polypropylene-capped glass scintillation vials for 5 min in a Beckman liquid scintillation counter (Beckman Instruments, Inc., Palo Alto, Calif.). ECAC activity was expressed as picomoles per minute per 5 x 108 CFU. Final values were based on a standard cAMP curve and corrected for values obtained with PBS controls. RESULTS Comparison of the ability to induce ciliostasis and other phenotypic characteristics among strains of B. bronchiseptica. Eighteen strains of B. bronchiseptica were examined for their ability to induce ciliostasis in canine tracheal outgrowths. The strains selected were representative of the phenotypic variation seen in over 50 strains of B. bronchiseptica (1) . The results of the present survey are listed in Table 1 . Colonial morphology on BA, hemolysis, piliation, flagellation, and sulfonamide susceptibility were consistent with previous findings. Fifteen strains caused ciliostasis. Strains which did not induce ciliostasis, 11ONH, ILG, and Ft. Collins, were each nonhemolytic and nonpiliated; they did not produce ECAC and were morphologically indistinguishable from the rough-phase variants of hFrequency of variation to nonhemolytic colony types was approximately 10-4. ciliostasis are presented in Table 3 . The MIC of chloramphenicol for B. bronchiseptica 11OH was 10 ,ug/ml. After a lag period of 4 to 5 h, this concentration of chloramphenicol prevented further replication of strain 11OH; after 24 h there was only a slight loss in bacterial viability (from 1 108 to 5
x 107 CFU/ml).
Strain 11OH, pretreated with chloramphenicol for 6 h, attached to cilia in both the presence and absence of chloramphenicol. When chloramphenicol was removed after the 15-min attachment period, ciliostasis occurred in 3 h. When washed outgrowth cultures, with chloramphenicol-pretreated bacteria attached, were replenished with medium containing chloramphenicol, ciliostasis was not observed after 3 h. Chloramphenicol added to cultures with untreated, adherent bacteria also inhibited ciliostasis.
Proteinase K pretreatment of strain 11OH resulted in a loss of attachment in the presence of chloramphenicol. When chloramphenicol was removed from the medium, however, proteinase K-pretreated bacteria regained their ability to attach within 30 min and were subsequently able to induce ciliostasis after 3 h. The bacterial pretreatments did not significantly reduce the viability of the inocula.
Pili were abundant on Formalin-and chloramphenicoltreated strain 11OH organisms. Pili were not observed on proteinase K-treated strain 11OH organisms when the bacteria were examined immediately after treatment or when the treated bacteria were subsequently placed in medium containing chloramphenicol. When proteinase K-treated bacteria were incubated in Waymouth medium at 37°C for 30 min, pili were once again observed.
DISCUSSION
The diseases with which B. bronchiseptica has been associated are widespread and quite varied. They often are mild, self-limiting, chronic, or complicated with other factors; hence it has been difficult to experimentally simulate natural diseases for the purpose of comparing virulence among B. bronchiseptica strains. Specific virulence determinants of B. bronchiseptica have not been well defined. Canine tracheal outgrowth cultures provide a convenient system for studying the relationship between B. bronchiseptica and its primary target tissue, ciliated respiratory epithelium.
This study has confirmed that the ability to induce ciliostasis in canine tracheal outgrowths is common among B. bronchiseptica strains. Strains that lacked the ability to induce ciliostasis produced colonies on BA which were identical to the previously described rough-phase variants of phase I strains (1). Rough-phase variants are generally considered to be avirulent or less virulent than their phase I progenitors.
ECAC, a suspected virulence factor which is present in phase I and lacking in rough-phase variants (7), does not appear to be the cause of ciliostasis, since two ciliostasisinducing strains (Columbus and 17640) did not generate cAMP in the presence of exogenous ATP. The absence of enzymatically active ECAC does not, however, rule out biological activity. For example, the binding component of ECAC may have biological activity independent of enzyme activity. It was recently reported that some of the biological activities of B. pertussis toxin may be due to the binding portion of the molecule and not to the ADP-ribosylating, enzymatic portion of the molecule (20) . Hemolytic activity was also not correlated with the ability to induce ciliostasis. As with B. pertussis (31) , all strains of B. bronchiseptica with demonstrable ECAC activity were hemolytic on BG.
The BG colony morphologies observed were similar to those concisely described by Lautrop and Lacey (16) as follows: "Subcultures of Bord. bronchiseptica strains on B-G medium sometimes reveal two colony types: one like a rather large Bord. pertussis colony, the other more flattened but with a raised center. The latter colony-type contains predominantly motile, the former predominantly non-motile ones."
These two colonies most closely resemble the classical phase I and phase III strains of Nakase (18) . Our small, phase I-like colonies resembled Nakase's description, except that our colonies were opaque (having, on extended incubation, a buff-colored pigmentation) and were not always hemolytic. Although rough colonies were only rarely observed by Nakase in stock cultures, we did not observe any rough colonies on BG. Several other noteworthy discrepancies make it difficult to utilize Nakase's nomenclature without modification. Nakase reported that phase I strains were nonflagellated or equivocally flagellated with "several relatively short, peritrichate flagella . . ." which were ". . . frequently difficult to find" (with light microscopy). (2) .
The Columbus strain of B. bronchiseptica confirms the suggestion by Peppler (22) The only phenotypic difference detected between large, freely reversible and small BG colony types was the possession of flagella. Flagella were also involved in a more stable phase variation of the type seen with strain 11OH; however, in this process pili and multiple other virulence determinants were lost as flagella were gained. Peppler (22) reported that the sodium dodecyl sulfate-polyacrylamide gel electrophoresis profiles of B. bronchiseptica strains modulated when the growth medium was changed from BA to BG. This seemed also to coincide with the ability of intermediate and rough BA morphotypes to revert to small colony types when grown on BG, since phase I BA morphotypes had similar sodium dodecyl sulfate-polyacrylamide gel electrophoresis profiles on both BA and BG. Some of the minor discrepancies observed by Peppler in the association between sodium dodecyl sulfate-polyacrylamide gel electrophoresis profile type and colony phenotype on BG may have been attributable to the lack of distinction between independent flagellar phase variation and phase variation involving multiple virulence determinants.
Plasmids do not appear to play a role in ciliostasis or colony variation of B. bronchiseptica. Transfer of plasmids coding for sulfonamide resistance from ciliostasis-inducing B. bronchiseptica strains to strain 11ONH did not result in an associated change in virulence, colonial morphology, or frequency of variation of this strain grown on BA or BG. All but one of the strains which produced unstable variants on BG were sulfonamide resistant; there might be a tendency for some other factor which regulates flagellum expression to associate with sulfonamide resistance genes. It will be interesting to see whether these plasmids have any influence on other B. bronchiseptica strains.
Chloramphenicol and proteinase K treatments suggested that attachment to cilia (even by fully viable organisms), although not in itself sufficient to cause ciliostasis, is intimately associated with, and may be required for, the induction of ciliostasis. The role of somatic pili in the pathogenesis of B. bronchiseptica infections is still unresolved; however, a positive correlation exists between the presence of readily detectable somatic pili, attachment to cilia, and the induction of ciliostasis.
Since Formalin-killed and chloramphenicol-inhibited B. bronchiseptica attached to cilia but did not cause ciliostasis, it appeared that attachment and ciliostasis were separable phenomena; however, B. bronchiseptica-mediated ciliostasis has not yet been produced in the absence of bacterial attachment. A small peptidoglycan-like fragment which causes ciliostasis in hamster tracheal ring cultures has been isolated from culture supernatants of B. pertussis (8) . Furthermore, although such a toxin could be isolated from both virulent and avirulent strains, only virulent organisms caused ciliostasis, perhaps because of the need for attachment to target cells (W. E. Goldman, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985, S152). Culture supernatants and cell extracts of B. bronchiseptica have not similarly produced ciliostasis of canine tracheal outgrowth cultures; however, a search should be made for peptidoglycan-like toxins in B. bronchiseptica strains.
It was recently observed that some B. bronchiseptica antisera block the subsequent development of ciliostasis when added to tracheal outgrowth cultures after the bacteria have been allowed to attach to cilia (Bemis, unpublished observation). Although some of these sera agglutinate and block the attachment of B. bronchiseptica to cilia, they do not appear to remove already attached organisms and thus provide additional evidence that attachment and ciliostasis involve a different set of events. Attachment of metabolically active bacteria may, however, be necessary to cause ciliostasis, perhaps by triggering conformational changes in a bacterial outer membrane or host cell membrane component or simply by providing the proximity required for a fastidious bacterial toxin. 
